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Direction selectivity represents a fundamental computation found across multiple sensory systems.
In the mammalian visual system, direction selectivity appears first in the retina, where excitatory and
inhibitory interneurons release neurotransmitter most rapidly during movement in a preferred direc-
tion. Two parallel sets of interneuron signals are integrated by a direction-selective ganglion cell,
which creates a direction preference for both bright and dark moving objects. Direction selectivity
of synaptic input becomes amplified by action potentials in the ganglion cell dendrites. Recent
work has elucidated direction-selective mechanisms in inhibitory circuitry, but mechanisms in excit-
atory circuitry remain unexplained.How do neural networks compute information about the
sensory environment? This question represents a general
goal of systems neuroscience, and a specific model prob-
lem exists at the first stage of the visual system. Over forty
years ago, it was shown in rabbit retina that certain types
of ganglion cell, the output neuron, responded selectively
to the direction of motion (Barlow and Levick, 1965). This
raises the following question: how does a direction-selec-
tive computation arise in the retinal network? This problem
seems especially approachable in mammalian retina,
where the cell types are well defined, the organization is
relatively simple, and the tissue can be studied in vitro
while stimulating with its natural input (Masland, 2001;
Wassle, 2004). Recently, certain critical experiments, us-
ing two-photon imaging or dual patch-clamp recording,
havemade significant progress in understanding direction
selectivity in the retina. Here, I review the major develop-
ments from recent work that support a working model
for the cellular basis of direction selectivity.
Direction-Selective Ganglion Cells
Mammalian retina includes two types of direction-selec-
tive (DS) ganglion cell. An ON-OFF type responds to
both bright and dark objects moving over a broad range
of speeds in a preferred direction; this cell type actually
comprises four subtypes which each prefer one of four
directions (Barlow and Levick, 1965; Oyster, 1968). A sec-
ond type, the ON DS cell, responds to bright objects mov-
ing at slow speeds; this cell type comprises three sub-
types which each prefer one of three directions (Barlow
and Levick, 1965; Oyster, 1968). DS cells project to the lat-
eral geniculate nucleus of the thalamus and the midbrain,
suggesting that they serve a variety of functional roles
(Cleland and Levick, 1974; Buhl and Peichl, 1986; Pu
and Amthor, 1990a, 1990b; Dacey et al., 2003). Recent
work on the cellular mechanism for direction selectivityhas focused on the ON-OFF type, and so this type will
be the focus below (referred to hereafter as ‘‘the DS cell’’).
The DS cell extends dendrites into two levels of the ret-
ina’s inner synaptic layer (Amthor et al., 1984; Yang and
Masland, 1994). One set of dendrites stratifies in the ON
sublayer and the other set stratifies in the OFF sublayer
(Figure 1A). Each set receives excitatory input from either
ON or OFF bipolar cells: glutamatergic interneurons that
relay photoreceptor signals to ganglion cells and which
themselves respond to objects either brighter (ON type)
or darker (OFF type) than the background (Masland,
2001; Famiglietti, 2002; Wassle, 2004). In addition, the
DS cell contacts extensively another interneuron: the star-
burst amacrine cell (Famiglietti, 1991; Vaney and Pow,
2000). Starburst cells come in two subtypes: one in the
ON sublayer and one in the OFF sublayer, which in turn
depolarize to bright or dark stimuli (Bloomfield, 1992,
1996; Taylor and Wassle, 1995; Peters and Masland,
1996). Thus, the DS cell integrates two parallel sets of syn-
aptic connections for detecting objects brighter or darker
than the background.
The characteristic response of the DS cell occurs when
a bar of light moves across its receptive field (Figure 1B).
Movement in the preferred direction evokes a depolariza-
tion and a burst of action potentials (spikes), whereas
movement in the opposite (null) direction evokes a smaller
depolarization with no spikes (Taylor et al., 2000). The
spike response, measured in the original study with extra-
cellular recording, can now be explained by synaptic
conductances, measured more recently with whole-cell,
voltage-clamp recording (Barlow and Levick, 1965; Taylor
et al., 2000; Borg-Graham, 2001; Taylor and Vaney, 2002;
Fried et al., 2002, 2005; Weng et al., 2005). The preferred
direction evokes a large excitatory conductance followed
by a small inhibitory conductance. Conversely, the null di-
rection evokes a small excitatory conductance that coin-
cides with a large inhibitory conductance (Figure 1B).Neuron 55, July 19, 2007 ª2007 Elsevier Inc. 179
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direction selectivity in both the excitatory and inhibitory
synaptic inputs, which themselves prefer opposite direc-
tions. Furthermore, the converging ON and OFF pathways
each computes direction independently (although there
Figure 1. Mechanisms for Direction-Selective Spiking
Responses in the ON-OFF DS Ganglion Cell
(A) The DS ganglion cell (g) projects dendrites into the ON and OFF
halves of the retina’s inner synaptic layer. Each set of dendrites re-
ceives synapses from the corresponding type of bipolar cell (b), which
relays signals from cone photoreceptors (c), and starburst amacrine
cell (s).
(B) As a bar of light moves in the preferred direction (rightward), it en-
counters an excitatory region of the receptive field (RF; blue circle) that
overlaps the dendritic tree (black, dashed circle), followed by an inhib-
itory region offset toward the null side (red circle). The membrane (Vm)
depolarizes, accompanied by a burst of spikes. The underlying synap-
tic conductances (gsyn) are shown below; the excitatory conductance
is relatively large, whereas the inhibitory conductance is small and de-
layed. Movement in the null direction evokes a small depolarization
with no spikes that corresponds to a large, leading inhibitory conduc-
tance that coincides with a small, delayed excitatory conductance
(after Taylor et al. [2000], Fried et al. [2002], Taylor and Vaney
[2002]). For each direction of movement, the ON response to the bar
entering the RF is shown; later, a second OFF response to the bar
exiting the RF would occur (data not shown).
(C) Working model for the cellular mechanism of direction selectivity.
The ganglion cell dendrite receives a glutamatergic synapse from
a rightward-preferring bipolar cell terminal and a GABAergic synapse
from a leftward-preferring starburst cell dendrite. The local synaptic in-
tegration is thresholded by action potentials, driven by voltage-gated
Na+ channels (Nav), that convey the preferred direction (rightward)
response to the soma.180 Neuron 55, July 19, 2007 ª2007 Elsevier Inc.are some slight differences in the underlying mechanisms;
Kittila and Massey, 1995; Taylor and Vaney, 2002). This
physiology confirms the anatomical connections de-
scribed above, implying that four separate direction-
selective synaptic pathways converge onto a single DS
cell (i.e., excitatory and inhibitory synapses from ON and
OFF pathways; Fried et al., 2002; Taylor and Vaney, 2002).
Simple Circuits for Computing Direction
Voltage-clamp recordings from ganglion cells raise the
following question: how does the DS cell’s synaptic input
become direction selective? Before addressing this, it
is worth reviewing some simple circuits for computing di-
rection (Borg-Graham and Grzywacz, 1992; Borst, 2000).
Consider first a model where an excitatory input is com-
bined with an inhibitory input (Figure 2A). The two inputs
are offset spatially and also temporally: the inhibition is
relatively delayed and prolonged. Direction selectivity
can be demonstrated with an apparent motion stimulus,
where two flashes are presented in an order that simulates
rightward or leftward motion. The model in Figure 2A
prefers rightward apparent motion, because the excitation
is stimulated first, followed by the inhibition which then
cannot cancel the preceding excitation. Conversely, left-
ward apparent motion stimulates inhibition first, and,
given its delayed and prolonged nature, it will partly cancel
the following excitation. Applying a threshold to these
responses (i.e., where subthreshold responses are set to
zero) amplifies the selectivity for rightward motion
(Figure 2A).
Consider a second example, where two spatially offset
excitatory inputs are combined (Figure 2B). The left input
Figure 2. Simple Circuits for Computing Direction
(A) Arrangement of two detectors for sensing the apparent motion of
two light flashes (L and R). Left, an excitatory detector (e) and an inhib-
itory detector (i) are offset spatially and temporally. Middle, individual
flash responses for each detector are shown. Right, response at the
summation point (S): rightward apparent motion (L R) evokes a large
response, whereas leftward apparent motion (R L) evokes a small re-
sponse. Applying a threshold, where subthreshold responses are ig-
nored, generates an extreme preference for rightward motion (green
shaded region).
(B) A second model for direction selectivity. Here, both detectors are
excitatory, and direction selectivity is generated by a delayed and at-
tenuated signal from the leftward detector. Thresholding enhances se-
lectivity for rightward motion (green shaded region).
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Starburst Amacrine Cell Dendrites
(A) Drawing of a starburst cell (top-down view)
that was recorded intracellularly and stained
(from Bloomfield [1996]; used with permission
from the American Physiological Society).
(B) Specialization of the starburst dendrite.
One dendrite from (A) was traced and is shown
in isolation, connected to the soma. Synaptic
input occurs along the entire extent of the den-
drite, whereas synaptic output occurs in the
outer third of the dendrite. Calcium signals in
the output region show a preference, on aver-
age, for motion in the direction from the soma
toward the dendritic tip (see text).
(C) A given starburst dendrite (black) has the
best opportunity to interact with a dendrite in the cell’s surrounding region (red dendrite #6). Dendrite 6’s release site overlaps to a large degree
with the black dendrite (indicated by gray ovals), and thus it could make many GABAergic synapses.
(D) Synaptic mechanism for direction selectivity of a starburst dendrite’s release site (light blue region in black cell; shown in side view). The release
site will be excited by glutamate release from bipolar cells that overlie the dendrite and inhibited byGABA release from surrounding starburst cells (red
cell; see [C]). This arrangement sets up a spatial offset in excitation and inhibition; a temporal offset arises from relatively delayed and prolongedGABA
release (see text; Figure 2A).
(E) A model for direction selectivity of starburst cell GABA release that depends on the difference in the chloride reversal potential (ECl) between the
region near the soma and the region near the release site (light blue region). Relative to the resting potential (Vrest), which would be similar at both
locations, GABA would evoke depolarization near the soma and hyperpolarization near the release site.
(F) Intrinsic mechanism for direction selectivity of a starburst dendrite’s release site. Glutamate release near the soma evokes a depolarization that
spreads toward the release site with a temporal delay and an attenuated amplitude (light blue region). If soma stimulation were followed shortly there-
after by glutamate release near the release site, depolarization at the releasewould bemaximal and could evoke calcium influx and transmitter release
(see text; Figure 2B).becomes delayed and attenuated on its route to a distant
summation point. This model also prefers rightward ap-
parent motion, for which the delayed left-side excitation
is activated first and then coincides with the right-side
excitation. Movement in the opposite direction evokes
weaker responses. Applying a threshold to these re-
sponses amplifies the selectivity for rightward motion
(Figure 2B). We will return to these simple models when
considering the mechanism for a critical element in direc-
tion-selective circuitry: the starburst amacrine cell.
Direction Selectivity Depends on Starburst
Amacrine Cells
The starburst amacrine cell expresses a unique collection
of properties (Figure 3A). It releases the inhibitory neuro-
transmitter GABA, similar to many other types of retinal
interneuron, but it also releases acetylcholine (Ach) and
is the only retinal neuron to do so (Masland and Mills,
1979; Hayden et al., 1980; Brecha et al., 1988; Vaney
and Young, 1988; O’Malley et al., 1992; Zheng et al.,
2004). Thus, the starburst cell could both inhibit and excite
postsynaptic targets. Furthermore, it has a common
structure for interneurons, a small cell body with radiating
dendrites, but it has an uncommon pattern of synaptic in-
put and output (Figure 3B). Synaptic input, mediated by
glutamate, glycine, and GABA release, occurs across
the full extent of the dendritic tree, whereas synaptic out-
put occurs at release site confined to the outer third of the
tree, setting up a spatial asymmetry between input and
output (Brandon, 1987; Famiglietti, 1991; Zhou and Fain,
1995). Furthermore, the starburst cell shows a relatively
high degree of overlap with neighboring cells. Most cell
types ‘‘tile’’ the retina completely without extensive over-
lap. Thus, at a given point on the retina (and at the corre-sponding point in the visual field), there are one to three
cells of a given type to represent that point (MacNeil and
Masland,1998; Masland, 2001; Wassle, 2004). However,
for the starburst cell, there are 20–70 cells to represent
each point (Tauchi and Masland, 1984; Vaney, 1984;
MacNeil and Masland,1998; Dong et al., 2004). Dendrites
of overlapping starburst cells run alongside one another,
creating a meshwork of looping processes (Tauchi and
Masland, 1984; Brandon, 1987; Vaney and Pow, 2000;
Dong et al., 2004).
The DS cell dendrites, in both ON and OFF layers, co-
fasciculate tightly with the corresponding network of star-
burst cell dendrites (Famiglietti, 1991; Vaney and Pow,
2000; Dong et al., 2004; Yamada et al., 2005). For this rea-
son, the starburst cell has been a strong candidate for in-
voking direction selectivity. The starburst cell releases Ach
onto DS ganglion cells, but surprisingly antagonizing Ach
synapses does not block direction selectivity (Masland
and Ames, 1976; Ariel and Daw, 1982; He and Masland,
1997; Kittila and Massey, 1997; Chiao and Masland,
2002; but see Grzywacz et al. [1998], Fried et al. [2005]).
However, antagonizing GABAA receptors does block di-
rection selectivity (Caldwell et al., 1978; Ariel and Daw,
1982; Kittila and Massey, 1995; He and Masland, 1997).
Thus, the starburst cell could drive ganglion cell selectivity
through its GABA release, although there are many other
candidate GABAergic interneurons to distinguish between
(Masland, 2001; Wassle, 2004). To further test the impor-
tance of starburst cells, two studies ablated these cells
with toxins, and this ablation eliminated direction selectiv-
ity in DS cells (Yoshida et al., 2001; Amthor et al., 2002).
Ablating a smaller number of starburst cells with a laser
did not eliminate direction selective responses in DS cells,
implying a high degree of redundancy across the starburstNeuron 55, July 19, 2007 ª2007 Elsevier Inc. 181
Neuron
Minireviewpopulation (He and Masland, 1997). The ablation studies
show that starburst cells are a necessary circuit element
for direction selectivity.
Neurotransmitter Release from Individual
Starburst Amacrine Cell Dendrites
Is Direction Selective
Voltage recordings from a starburst cell body showed
a lack of direction selectivity to stimuli moving across its
entire receptive field (Peters and Masland, 1996; Hausselt
et al., 2007). However, unlike a conventional neuron, the
starburst cell’s neurotransmitter release will not necessar-
ily correlate with the amplitude of soma voltage, since the
release sites are at the dendritic tips (Figure 3B). Imaging
experiments directly measured calcium signals in the den-
dritic tips, and these signals should reflect neurotransmit-
ter release, which is calcium dependent (Euler et al., 2002;
Zheng et al., 2004; Lee and Zhou, 2006; Hausselt et al.,
2007). These experiments yielded a critical result: the cal-
cium signal in each dendrite was itself direction selective;
on average, signals were strongest formovement in the di-
rection from the soma toward the dendritic tip (Euler et al.,
2002; Lee and Zhou, 2006; Hausselt et al., 2007). Thus,
each dendrite must be somewhat electrically isolated
from its neighbors, otherwise every dendrite would have
the same selectivity or none at all. Furthermore, spontane-
ous activity in calcium signals was uncorrelated between
dendritic release sites, further suggesting the isolation of
each dendrite (Euler et al., 2002). Some isolation may oc-
cur through passive mechanisms caused by voltage at-
tenuation along the starburst cell’s thin proximal dendrites
(i.e., those emerging from the soma;Miller and Bloomfield,
1983; Velte and Miller, 1997). Further isolation may occur
through active mechanisms caused by voltage-gated K+
channels near the soma, which could shunt large depolar-
ization and therefore prevent the spread of this depolariza-
tion to neighboring dendrites (Taylor and Wassle, 1995;
Ozaita et al., 2004; Kaneda et al., 2007). However, this iso-
lation must be incomplete because synaptic input imping-
ing on the dendrites can be measured at the soma (Taylor
and Wassle, 1995; Bloomfield, 1992, 1996; Peters and
Masland, 1996).
Synaptic Mechanism for Direction-Selective
Neurotransmitter Release from Starburst
Amacrine Cells
How does a starburst cell dendrite’s release become di-
rection selective? There is evidence that selectivity arises
partly through a synaptic mechanism involving neighbor-
ing starburst cells (Lee and Zhou, 2006; Munch and
Werblin, 2006). The branching pattern of a given starburst
dendrite and the position of synaptic input and output en-
ables certain presynaptic partners to have the greatest
potential influence on the dendrite in question (Figure 3C).
Dual patch-clamp recordings showed that starburst cells
release GABA onto each other, but their Ach responses
disappear almost entirely during development (Zheng
et al., 2004; Lee andZhou, 2006). Thus, a starburst dendrite182 Neuron 55, July 19, 2007 ª2007 Elsevier Inc.would have an excitatory field (driven by bipolar cell gluta-
mate release) overlapping its membrane, and an inhibitory
field (driven by neighboring starburst cell GABA release)
that is shifted toward the region surrounding the cell
(Figure 3D). This arrangement creates, for a given release
site, a spatial offset in excitation and inhibition, which is
one criterion for a direction-selective circuit (Figure 2A;
Lee and Zhou, 2006). Furthermore, starburst cells release
GABA onto each other in a delayed and prolongedmanner
(Zheng et al., 2004; Lee and Zhou, 2006; see also Taylor
and Wassle [1995], Peters and Masland [1996]). This tem-
poral property of inhibition meets a second criterion for
a direction-selective circuit (Figure 2A). This synaptic in-
teraction explains why a starburst release site is sup-
pressed during movement from a region surrounding the
dendrite toward the soma: suchmovement initially excites
the surrounding starburst dendrite, causing prolonged
GABAergic inhibition of the dendrite in question (Lee and
Zhou, 2006).
In addition to the above proposal for direction-selective
starburst release, involving spatial offset in glutamatergic
and GABAergic input, there is a second proposal that de-
pends on GABAergic inputs alone (Gavrikov et al., 2003,
2006). According to this proposal, the starburst amacrine
cell expresses different chloride transporters along the
dendrite, so that the Cl equilibrium potential (ECl) would
be positive to the resting potential (Vrest) near the soma
(ECl = 45 mV; Vrest = 55 mV) but negative to Vrest
near the release site (ECl = 60 mV; Figure 3E). Thus,
GABA should be depolarizing near the soma and hyperpo-
larizing near the release site. The differential effect of
GABA at the two locations sets up a spatial offset between
excitation (i.e., depolarization) and inhibition (i.e., hyper-
polarization), which is one criterion for a direction-selec-
tive circuit (Figure 2A). However, it is not clear how the
second criterion for the circuit, delayed or prolonged inhi-
bition, would arise, since the time course of GABA release
is probably similar at all points along the dendrite
(Figure 2A). Furthermore, the threshold for Ca2+ channels
at the release site is apparently 40 mV, and so when
the release site is depolarized sufficiently to evoke calcium
influx and the accompanying neurotransmitter release,
GABAergic synapses would apparently be hyperpolariz-
ing at all points along the dendrite (Cohen, 2001; Fried
et al., 2002; Lee and Zhou, 2006; Kaneda et al., 2007).
Thus, chloride transporters are certainly essential for nor-
mal function of the starburst cell, and antagonists to these
transporters do block direction selectivity (Gavrikov et al.,
2003, 2006), but further experiments are required to fully
understand how transporter expression contributes to
the direction selectivity of starburst release.
Intrinsic Mechanism for Direction-Selective
Neurotransmitter Release from Starburst
Amacrine Cells
Some measurements of starburst release do not support
an inhibitory synaptic mechanism for direction selectivity.
In particular, for stimuli confined to the dendritic tree,
Neuron
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age responses at the soma retained their direction selectiv-
ity when GABA and glycine receptors were blocked (Euler
et al., 2002; Lee and Zhou, 2006; Hausselt et al., 2007).
What causes the synaptic mechanism versus the intrinsic
mechanism to dominate for a given motion response?
The critical factor may be the stimulus dimensions. The
synaptic mechanismmight primarily explain a suppression
of the starburst response for stimuli moving from beyond
the dendritic tree toward the release site (Figure 3D),
whereas the intrinsic mechanism might primarily explain
an enhancement of the starburst response for stimuli
moving from the soma toward the release site (Figure 3F).
Modeling suggests that passive properties of the star-
burst cell membrane can generate some aspects of direc-
tion selectivity. A compartmental model, with realistic
dendritic structure, ‘‘viewed’’ stimuli moving across the
dendritic field (Tukker et al., 2004; see also Borg-Graham
and Grzywacz [1992], Poznanski [1992], Velte and Miller
[1997]). A moving stimulus generated depolarization at
the soma that then spread toward the ‘‘recorded’’ release
site at the dendritic tip. When soma stimulation was fol-
lowed shortly thereafter by direct excitatory input at the re-
lease site, depolarization at the site was relatively large as
the two signals coincided and summed (Figures 2B and
3F). Thus, the model release site preferred motion in the
direction from the soma toward the dendritic tip, similar
to an actual release site. This direction preference became
amplified by adding voltage-gated calcium channels at
the release site (Tukker et al., 2004). The voltage-gated na-
ture of these channels (i.e., activated positive to 40 mV)
resembles the threshold in the simple model described
earlier (Cohen, 2001; Fried et al., 2002; Lee and Zhou,
2006; Figure 2B).
The Tukker et al. (2004) model does not generate certain
experimental results, however, suggesting that the simple
schemes in Figures 2B and 3F are incorrect in detail and
that additional intrinsic properties must be important.
For example, the above model shows little or no direction
selectivity in the soma voltage, where in fact the soma
voltage shows the same direction preference as the den-
dritic tips, given appropriate stimuli (e.g., the expanding
versus contracting ‘‘bulls-eye’’ pattern; Euler et al., 2002;
Hausselt et al., 2007). A second model used a simplified
structure (single dendrite) and added a mild voltage gradi-
ent along the dendrite, where the dendritic tip rested at
a more depolarized potential than the proximal dendrite
by a fewmV. Thus, the dendritic tip rested closer to the ac-
tivation point of the model’s voltage-gated Ca2+ channels,
and this property caused both the dendritic tip and the
proximal dendrite (and presumably also the soma) to pre-
fer motion from the soma towards the tip, mimicking the
real cell (Hausselt et al., 2007). This model also generated
robust direction selectivity across a range of stimulus
strengths, which is necessary to explain contrast-invariant
direction selectivity in both starburst and DS cell re-
sponses (Merwine et al., 1998; Hausselt et al., 2007). Fu-
ture models will need to further consider the effects of re-alistic dendrite structure as well as the full collection of
voltage-gated channels in the starburst cell: delayed rec-
tifier and A-type K+ channels and N- and P/Q-type Ca2+
channels (Jensen, 1995; Cohen, 2001; Ozaita et al.,
2004; Tukker et al., 2004; Kaneda et al., 2007).
Mechanisms for Direction Selectivity
in Ganglion Cell Dendrites
The mechanism for direction-selective GABA release oc-
curs in starburst dendrite release sites, but how does
this signal become utilized by DS ganglion cells? If DS
cells collected synapses indiscriminately from starburst
cell dendrites pointing in all directions, the direction-selec-
tive release of each starburst dendrite would average out.
Therefore, a high degree of selectivity in synaptic connec-
tions between starburst and DS ganglion cells has been
proposed (Vaney et al., 1989). To generate a direction-
selective response, the DS cell must collect synapses
selectively from a subset of starburst dendrites, which
mostly point in the ganglion cell’s null direction (e.g., left-
ward), causing inhibition for that direction. The DS cell
would then develop a preference for the opposite direc-
tion (e.g., rightward) when inhibition driven by starburst
cell GABA release was minimal (Figure 1B).
Evidence for this selective wiring comes from a dual
patch-clamp experiment in which a starburst cell was de-
polarized while recording synaptic currents in a nearby DS
cell (Fried et al., 2002). Consider, for example, a DS cell
that prefers rightward motion. For such a cell, starburst
cells on the right side were synaptically connected, imply-
ing that their leftward dendrites made functional synap-
ses; these leftward dendrites would release GABA and
inhibit the DS cell during leftward motion. Conversely,
the starburst cells to the left of the DS cell did not make
a connection, implying that their rightward dendrites over-
lapped the DS cell but did not make synapses (Fried et al.,
2002). This arrangement explains why there is a spatial off-
set between the excitatory and inhibitory regions of the DS
cell’s receptive field (Figure 1B). However, anatomical ev-
idence does not reliably demonstrate selective levels of
cofasciculation between a DS cell and starburst cells on
the preferred versus null sides of the DS cell’s dendritic
tree; therefore, synaptic connections must be highly
selective at a functional level if not a structural level
(Famiglietti, 2002; Dong et al., 2004). Beyond this apparent
functional selectivity, there is no obvious specialization in
the DS cell’s dendritic tree structure or in the relative
position of glutamate and GABA receptors on the DS cell
dendrites that would contribute to the direction-selective
computation (He et al., 1999; Famiglietti, 2002; Jeon
et al., 2002).
DS ganglion cells also contribute to direction selectivity
through active conductances in their dendrites (Oesch
et al., 2005). At the DS cell soma, membrane depolariza-
tions during preferred and null directions are not distinct
enough to drive selectivity in the accompanying spiking
response. Instead, action potentials apparently initiate
within the dendritic tree. These dendritic action potentialsNeuron 55, July 19, 2007 ª2007 Elsevier Inc. 183
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cal tetrodotoxin application or by hyperpolarizing the cell
with current, and they were measured directly with cal-
cium imaging of the dendrites (Oesch et al., 2005). Thus,
one arrives at a working model for the DS ganglion cell,
where each point on the dendritic treewould receive excit-
atory input (from bipolar cells), strongest for motion in the
DS cell’s preferred direction, and inhibitory input (from
starburst amacrine cells), strongest for motion in the DS
cell’s null direction. The integration of these direction-
selective synapses would then be amplified by local volt-
age-gated Na+ channels that generate dendritic action
potentials. These dendritic potentials would travel to the
soma, evoking a somatic spike followed by an axonal
spike (Figure 1C). The local nature of this computation
explains one of the original observations: direction
selectivity can be demonstrated within a narrow region
(50–100 mm) of the DS cell’s wide dendritic tree (200–
500 mm) (Barlow and Levick, 1965; Amthor et al., 1984;
Yang and Masland, 1994; He et al., 1999).
Directions for Future Research
The role for starburst cell Ach release in direction selectiv-
ity remains to be fully understood. Pharmacology studies
with extracellular recording suggested that Ach release
plays no significant role in direction selectivity but rather
amplifies motion responses in all directions (Ariel and
Daw, 1982; He and Masland, 1997; Kittila and Massey,
1997; Chiao and Masland, 2002). However, recent work
suggests that Ach release, acting on nicotinic receptors,
influences the direction-selective inhibition at the ganglion
cell dendrite (Fried et al., 2005). Thus, somehow the direc-
tion selectivity of starburst cell GABA release apparently
depends on starburst cell Ach release, even though star-
burst cells themselves show almost no Ach-mediated re-
sponse (Zheng et al., 2004). A circuit for the Ach-sensitive
mechanism was proposed but requires further study
(Fried et al., 2005). This Ach-sensitive mechanism might
explain why the direction selectivity of DS cell-spiking re-
sponses was blocked by an Ach receptor antagonist un-
der certain stimulus conditions (e.g., drifting gratings;
Grzywacz et al., 1998). These conditions may rely heavily
on the DS cell’s direction-selective inhibitory (starburst
cell) input and less so on the direction-selective excitatory
(bipolar cell) input.
The mechanism for direction-selective excitation at the
DS cell dendrite also requires further understanding. This
excitation almost certainly arises from bipolar cells, be-
cause bipolar cells synapse onto the DS cell, and the DS
cell’s direction-selective excitatory synaptic responses
persist with Ach receptors blocked (Famiglietti, 2002;
Fried et al., 2005). But how would this bipolar cell input
become direction selective? One straightforward mecha-
nism could be imagined where the same starburst den-
drite that synapsed on a DS ganglion cell dendrite also
synapsed on the presynaptic bipolar terminal; such an
arrangement would simultaneously produce strong inhibi-
tion in the DS cell’s null direction and strong excitation in184 Neuron 55, July 19, 2007 ª2007 Elsevier Inc.the opposite, preferred direction (i.e., when inhibition of
the bipolar terminal was minimal). Evidence that starburst
cells influence direction-selective glutamate release from
bipolar cells comes from the lesion studies: toxins that de-
stroy starburst cells block direction selectivity in DS cells,
suggesting that all direction-selective mechanisms ulti-
mately depend on the starburst cell (Yoshida et al.,
2001; Amthor et al., 2002). However, starburst cells appar-
ently do not synapse onto bipolar terminals (Brandon,
1987; Famiglietti, 1991). Thus, the direction selectivity of
bipolar cell glutamate release may depend partly on an-
other interneuron. One candidate is the DAPI-3 amacrine
cell, a glycinergic cell that costratifies near starburst and
DS ganglion cell processes (Wright et al., 1997; Zucker
et al., 2005).
A further mystery regarding bipolar cells relates to the
required number of preferred directions that they must
cover. For example, consider that there are a total of
four preferred directions of DS cells at any point in the ret-
ina (Vaney, 1994; Amthor and Oyster, 1995). Thus, there
must exist either four populations of bipolar cell, each pre-
ferring a different direction, or four populations of bipolar
cell terminal release sites. On the one hand, it is unclear
whether there would be enough bipolar cells to cover all
required directions; on the other hand, it is unclear how
individual release sites could express distinct preferred
directions from one another given their close proximity
(Brown and Masland, 1999; Famiglietti, 2002; Kim et al.,
2003).
After studying direction selective circuits in the mature
retina, the question naturally arises: how do these circuits
organize during development? Each subtype of DS gan-
glion cell apparently connects with a selective subset of
starburst dendrites and other presynaptic neurons to
achieve the observed level of specificity for preferred di-
rections. Before eye opening and visual responsiveness,
starburst cells play a fundamental role in the development
of retinotopic organization in central structures by the gen-
eration of spontaneous waves of electrical activity across
the retina (Torborg and Feller, 2005; Zheng et al., 2006).
These waves might facilitate the development of direc-
tion-selective circuitry. Interestingly, starburst cells cofas-
ciculate specifically with DS cells, but not many other
types, during development (Stacy and Wong, 2003). Fur-
thermore, there may be a developmental role for electrical
synapses between DS cells in setting up the four popula-
tions (DeBoer and Vaney, 2005). However, we are a long
way from understanding how direction-selective circuitry
develops.
Conclusion
The retina provides a model system for understanding the
circuitry that underlies direction selectivity, a fundamental
neuronal computation. The retinal circuit illustrates impor-
tant roles for highly selective synaptic connections and for
common response nonlinearities involving voltage-gated
K+, Ca2+, and Na+ channels. The circuitry also illustrates
the convergence of multiple cooperative mechanisms,
Neuron
Minireviewand this level of convergence may be important in other
systems as well.
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